By injecting additional argon gas, we were able to grow one-dimensional ZnO nanorod arrays with a uniform distribution on a large scale at a low temperature of less than 330°C by metalorganic chemical vapor deposition. All of the nanorods grown on the sapphire substrate had a 30°in-plane rotation with respect to the substrate and showed the epitaxial characteristics of [1010] ZnO //[1120] sapphire , despite the low-temperature growth. These ZnO nanorods with high crystalline quality exhibited a high enhancement factor and low turn-on field value, thus having good potential to be used as a field emitter.
I. INTRODUCTION
ZnO-based semiconductors have recently attracted a lot of interest due to their potential applications as light emitters in the ultraviolet (UV) wavelength range. Among the different kinds of ZnO-based semiconductors, one-dimensional (1D) structures including nanowires, nanorods, nanoneedles, etc. have been particularly studied, because of their many physical and chemical advantages, such as their low-temperature growth, high exciton binding energy, low cost, and high resistance to radiation damage. [1] [2] [3] [4] Early studies on the synthesis of 1D ZnO nanostructures mainly focused on the high-temperature thermal evaporation method using metal catalysts (vapor-liquidsolid mechanism). 3, 4 It was reported quite recently that ZnO nanorod arrays could be fabricated by metalorganic chemical vapor deposition (MOCVD), the conventional growth system of compound semiconductors, without catalysts using the vapor-solid mechanism. 5, 6 Vertically well-aligned ZnO nanorods were successfully synthesized on sapphire substrates by a catalyst-free MOCVD in the growth temperature range of 450 to ∼600°C, [5] [6] [7] [8] [9] while physical vapor deposition needed a higher growth temperature and the presence of metal catalysts. 3, 4 The growth of ZnO using MOCVD makes it possible to obtain nanorods with a hexagonal-shaped column and epitaxial characteristics on c-plane sapphire substrates. The field-emission characteristics of the 1D ZnO nanostructures have also been studied to evaluate their potential use as a UV field emitter for displays, due to the lowtemperature process, low emission barrier, high thermal stability, and high saturation velocity. [10] [11] [12] [13] [14] [15] Moreover, the successful synthesis of nanostructures at low temperature could lead to the expansion of their field of application to other areas, including displays, solar cells, and sensors, because these technologies require the use of soft and transparent substrates such as glass and plastics that cannot tolerate the high-temperature process. 13, 16, 17 However, the low-temperature process caused the nanostructures to have poorer crystal and emission characteristics, due to their reduced surface diffusion length. 18 In this study, we found that by injecting additional argon (Ar), we could fabricate vertically well-aligned ZnO nanorods that formed a high-quality epitaxial film, even though the growth took place at the low temperature of ഛ330°C by MOCVD, and these nanorods also showed excellent field-emission characteristics due to their good crystal quality.
II. EXPERIMENTAL DETAILS
One-dimensional ZnO nanorods were grown on sapphire (0001) and n-type Si (001) substrates by lowpressure MOCVD with a vertical type reactor. Diethylzinc (DEZn) and pure oxygen gas (O 2 , 99.9999%) were used as precursors. The growth of the ZnO nanorods was performed at 250 to ∼400°C for 60 min. The VI/II ratio was 367 (DEZn flow rate of 6.1 mol/min) and the chamber pressure was 1 Torr. Additional Ar gas was injected through the gas line, which was connected separately from the Ar carrier gas used for the bubbling of the DEZn source [indicated by the dotted arrow in Fig.  1(a) ], to enhance the Zn incorporation efficiency at low temperature. The grown samples were characterized by field-emission scanning electron microscopy (FE-SEM) [JEOL JSM6700F], x-ray diffraction (XRD), photoluminescence (PL), and transmission electron microscopy (TEM) [JEOL JEM2100F].
III. RESULTS AND DISCUSSION
Figure 1(b) shows the effect of the additional Ar gas flow on the growth rate in the low-pressure MOCVD system used in this study for the growth of ZnO nanorods at low temperature. The additional Ar gas flow significantly increased the film thickness, which may be caused by the enhancement of the Zn incorporation efficiency. This method allows us to grow ZnO films and nanostructures by MOCVD at a reduced temperature of less than the glass-transition temperature, compared with the previously reported methods in which the ZnO growth occurred at over 450°C. [5] [6] [7] [8] [9] However, the additional Ar flow rate of more than 50 sccm does not increase the growth rate any further, although it affects the characteristics of the ZnO layers. 19 By injecting the Zn source with a high flow rate with the assistance of an additional gas, we successfully synthesized ZnO nanorods at less than 330°C on sapphire and Si substrates by MOCVD. As shown in Figs. 1(c) and 1(d), vertically well-aligned ZnO nanorods with a uniform size and shape distribution were observed on the sapphire and Si substrates with a size of 2 in. Even though the diameter (the aspect ratio of length/width) of the 1D nanostructures increased (decreased) with decreasing growth temperature, vertical aligned nanorods were grown until the minimum growth temperature of 250°C was reached. 19 MOCVD has attracted a great deal of interest for the growth of ZnO, since it has many advantages such as accurate doping and thickness control, large area growth, and the possibility of epitaxial growth on optoelectronic materials, compared with the sputtering, pulsed laser deposition (PLD), and molecular beam epitaxy (MBE) methods, which have mainly been used for the growth of ZnO film. The ZnO nanorods grown on the sapphire substrate with a wafer size of 2 in., which has generally been used for the epitaxial growth of GaN and ZnO films, have a uniform diameter and aspect ratio of 45 nm and ∼50, respectively. The growth of the ZnO nanorods on the Si substrate with its larger lattice mismatch and interface oxide layer also results in fairly good vertical alignment, as shown in Fig. 1(d) , although the degree of vertical alignment is less than that obtained on the sapphire substrate.
To investigate the crystallographic relationship between the ZnO nanorods and sapphire substrate, XRD and TEM analyses were performed. Only three diffraction peaks, indexed as (0002) ZnO , (0004) ZnO , and (0006) sapphire , appear in the -2 scan mode of the XRD pattern, as shown in Fig. 2(a) . This indicates that the growth direction of the ZnO nanorods is (0002) ZnO diffraction peak of the high-resolution x-ray diffraction (HRXRD) -scan for the nanorods is quite narrow, being only 1.4°, despite the use of a very low growth temperature, which generally results in the deterioration of the crystalline quality. Unlike GaN, the ZnO films grown on the sapphire substrate by MOCVD were polycrystalline with the preferred orientation along the c-axis irrespective of the growth temperature. 20, 21 Interestingly, the epitaxial nature of the ZnO nanorods was revealed by the -scan peaks of the ZnO (1012) with exact sixfold symmetry and the sapphire (1123) as reference, as shown in Figs. 2(c) and 2(d), respectively. This result demonstrates that all of the nanorods on the sapphire substrate are aligned with nearly the same orientational relationship along the in-plane direction and have a 30°in-plane rotation with respect to the substrate. Therefore, the in-plane orientational relationship between ZnO and the sapphire substrate was determined to be [1010] ZnO //[1120] sapphire , resulting in the ZnO nanorods grown at low temperature having epitaxial properties. It is consistent with the TEM result, as discussed below.
To analyze the microstructure of the ZnO nanorod/ sapphire structure, a cross-sectional TEM image and diffraction patterns (DPs) were obtained from the nanorods grown at 330°C, as shown in Fig. 3 . The bright field TEM image reveals that most of the nanorods were perfectly aligned in a direction perpendicular to the substrates from the bottom to the top region. As expected from the HRXRD results, the DPs obtained with an aperture size of 1.4 m from the ZnO/sapphire interface and the top region of the ZnO nanorods reveal the epitaxial characteristics of the ZnO nanorods, based on the spottylike patterns showing the less diffuse streaks of the DPs, despite the fact that the DPs originate from several nanorods. To the best of our knowledge, the ZnO nanorods grown in this study have the lowest synthesis temperature among those obtained by MOCVD methods. Especially, nanorods with vertical alignment were successfully fabricated with an epitaxial relationship at a low temperature without the assistance of metal catalysts. The growth of these nanorods showing high crystalline quality at a growth temperature of less than 330°C by MOCVD demonstrates the feasibility of using this process with transparent substrates such as glass and indium tin oxide (ITO), thereby making it possible to use these nanorods as field emitters for flat panel displays.
The PL spectrum at room temperature showed a strong UV emission at 3.267 eV, which is considered to be the band edge emission, as shown in Fig. 4(a) . The FWHM of the PL are about 120 and 97 meV in the case of the sapphire and Si substrates, respectively. The absence of a deep-level emission indicates that the ZnO nanorods show excellent optical properties, despite the lowtemperature growth and high surface/volume ratio. To investigate the possibility of using the ZnO nanorods grown at a low temperature by MOCVD as a field emitter, the field emission characterization of the nanorods grown on an n-type Si substrate was performed in a vacuum chamber at a base pressure of 5.0 × 10 −6 Torr, as shown in Fig. 4(b) . The distance between the electrodes was 200 m. A direct current (dc) voltage sweep from 0 to 1100 V was applied to the sample in steps of 10 V. The field emission behavior of the nanostructures can be expressed using the flowing Fowler-Nordheim (F-N) equation 22, 23 :
where J is the current density, ␤ is a field enhancement factor, is the work function, E ‫ס‬ (V/d ) is the applied field, and the constants A and B are 1.56 × 10 −10 (A/V 2 eV) and 6.83 × 10 9 (Ve/V 3/2 V/m), respectively. 23 As shown in the inset of Fig. 4(b) , the F-N curve plotting ln (I/V 2 ) versus l/V exhibits linear behavior in the measured range. When the work function of ZnO was assumed to be 5.3 eV, the field enhancement factor (␤) was estimated to be 3090 from the slope of the linear line. This value is much higher than those of the ZnO nanostructures synthesized by MOCVD and thermal evaporation without catalysts at higher temperatures. [10] [11] [12] In addition, the turn-on field corresponding to the current density of 0.1 mA/cm 2 is 3.8 V/m. Although it was higher than that of carbon nanotubes (CNTs), the turn-on field of this sample is quite low, compared with those of the ZnO nanostructures grown at a low temperature (ഛ400°C) by other methods [13] [14] [15] and those of the ZnO nanorods synthesized by thermal evaporation at higher temperature. 10, 11 The high ␤ value and the low turn-on field of the ZnO nanorods grown by MOCVD at a reduced growth temperature may be attributed to their vertically well-aligned structure, sharp tip, and high crystalline quality. It is evident that the ZnO nanorod arrays grown in this study have a good potential for use as a field emitter for flat panel displays.
IV. CONCLUSIONS
We successfully grew epitaxial ZnO nanorods with vertical alignment on sapphire and Si substrates at reduced temperatures. Additional Ar gas was introduced for the low-temperature growth of the nanorods, and the minimum growth temperature was 250°C. The highresolution XRD and TEM results showed the epitaxial behaviors of the ZnO nanorods/sapphire structure, revealing its exact sixfold symmetry and the in-plane orientational relationship of [1010] ZnO //[1120] sapphire . Finally, the possibility of using the nanorod arrays grown as a field emitter was presented.
